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Spike-Associated Fast Contraction of Dendritic
Spines in Cultured Hippocampal Neurons
the NMDA receptor on the spine is mechanosensitive
(Paoletti and Ascher, 1994), the fast twitch may mediate
the interaction between synaptic activity and back prop-
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Evoked Spikes Cause Spine Twitch: Recording
Dendritic spines have long been known to contain con- from GFP-Containing Neurons
tractile elements and have recently been shown to Trains of action potentials could be evoked by a depolar-
express apparent spontaneous motility. Using high- izing current pulse applied to somata of 2- to 3-week-
resolution imaging of dendritic spines of green-fluo- old, GFP-labeled neurons in dissociated culture. When
rescent protein (GFP)-expressing, patch-clamped hip- recorded with a pipette containing calcium sensitive
pocampal neurons in dissociated culture, we find that dyes, action potentials were accompanied by a transient
bursts of action potentials, evoked by depolarizing rise of intracellular calcium concentration ([Ca2]i) in
current pulses, cause momentary contractions of den- both the dendrite and spines (Segal, 1995a). Transient
dritic spines. Blocking calcium currents with cobalt contractions of the dendritic spine were seen in 11
prevented these twitches. In additional experiments spines recorded from eight patch-clamped neurons
with neurons loaded via a micropipette with calcium- (Figures 1A and 1B). The magnitude of the contraction
sensitive and insensitive dyes, spontaneous calcium was small (0.05–0.1 m), at the limit of optical resolution
transients were associated with a rapid contraction (Stelzer, 2000), and so we resorted to measuring
of the spine head. The spine twitch was prolonged changes in regions of interest (ROI) comprising the edge
by tetraethylammonium or bicuculline, which enhance of the spine, rather than a direct measurement of axial
calcium transients, and was blocked by the actin poly- movement of the spine edge. This spine-edge fluores-
merization antagonist latrunculin-B. The spine twitch cence was quantified using an automated thresholding
may be instrumental in modulating reactivity of the procedure of the spine/dendrite image, and measuring
NMDA receptor to afferent stimulation, following the intensity of the image brightness. A transient dip in
back-propagating action potentials. the fluorescence intensity was seen at a region of inter-
est (ROI) comprising the edge of the spine, and this
Introduction was not matched by any change in fluorescence at the
dendritic border, or in the center of the spine itself. Lines
The ability to visualize individual dendritic spines in living comprising the two standard deviations from the mean
tissue using time-lapse photography contributed to a fluorescence across all images were drawn (Figure 1C2).
change of view of the spine from a stable structure, This dip in fluorescence crossed the line, indicating a
which is modified only by massive and prolonged activa- nonrandom, statistically significant reduction in fluores-
tion, to a dynamic structure, which expresses continu- cence during the action potential discharges. On aver-
ous shape rearrangements. While the rules governing age, the fluorescence during the period of action poten-
spine motility are not entirely clear, it is likely to be tial discharges was 16%3% below mean fluorescence
mediated by actin filaments, long known to exist in den- (n  11, p  0.005). This dip in fluorescence was taken
dritic spines (Fifkova, 1985). Although spines have been to indicate that the spine contracted (Figure 1C). The
thought to exhibit twitches (Crick, 1982), only fairly slow spine contraction that followed action potential dis-
spine movements have been described so far. They charges was not seen during a depolarizing response
range from a large, continuous, slow movement, related that was not associated with an action potential (Figures
to spine growth and synapse formation, which disap- 1C and 1D), or in response to hyperpolarizing current
pears in the normal mature spine (Ziv and Smith, 1996), pulses. Finally, incubation of the culture with 10 mM
down to local reactive movements which follow exten- CoCl, which blocks calcium transients but does not af-
sive synaptic activity and involve a rise of postsynaptic fect action potential discharges, virtually abolished the
calcium concentration (Segal, 1995b; Halpain et al., spine contraction (Figure 1E representing one of three
1998; Maletic-Savatic et al., 1999; Korkotian and Segal, spines imaged in three experiments, mean fluorescence
1999a). A fairly rapid, local, continuous motility, which change during action potential discharge 1.0%, p 
does not involve a lasting change in the location of the 0.32). This indicates that the contraction is likely to be
spine in space and is blocked by activation of glutamate mediated by calcium influx through voltage gated cal-
receptors, has been found recently (Fischer et al., 1998; cium channels activated by back-propagating action
2000). This paper describes a novel, actin-dependent potentials.
fast contraction of the spine, which is associated with
calcium transients, resulting from evoked or spontane- Calcium Transients Cause Spine Twitch:
ous back-propagating action potentials. Assuming that Recording from Dye-Labeled Neurons
Spontaneous calcium transients were recorded from
spine/dendrite segments of mature (2- to 4-week-old)1 Correspondence: menahem.segal@weizmann.ac.il
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Figure 1. Action Potentials Discharges
Cause Dendritic Spine Contraction
(A) A series of images of a GFP-filled dendritic
spine, taken at a rate of 16Hz, before, during,
and after a depolarizing current pulse, which
evokes action potentials recorded in the soma.
(B) Threshold images taken before (left) and
during (middle) a train of action potentials,
and the composite showing the two images
(right) to indicate a reduction in spine size
during the spike train.
(C1) A train of action potentials evoked in re-
sponse to a 100 ms depolarizing current
pulse. Three responses are shown, two of
which contained action potentials, and the
third in which the cell responded by depolar-
ization alone.
(C2) Corresponding series of images taken
from the same cell as in C1, before and during
the response to the depolarizing current
which evoked action potentials. Three re-
gions of interest are plotted, one comprising
the spine edge (thick line), where a significant
dip in fluorescence is seen, one at the center
of the spine, and one at the edge of the den-
drite. Two parallel lines representing two
standard deviations from the mean fluores-
cence are drawn above and below the center
trace. Only the spine-edge ROI goes below
the significance line.
(D) An average record taken of responses,
which did not result in action potential dis-
charges, of the same spine shown in C.
(E) A spine from another neuron, exposed to
cobalt, showing lack of changes in the spine
edge during a burst of action potentials. Cali-
bration bar in (A), right, 1 m.
neurons. These events ranged from a fraction of a sec- crease in fluorescence during the calcium event (Figure
2D). No consistent changes in Cn fluorescence wereond (200–300 ms) to over one second in duration, to
reach a complete recovery of spine/dendrite fluores- seen at the edges of the parent dendrite in any case
studied (see also Figure 1C). These observations indi-cence (Figure 2A). The frequencies of the calcium tran-
sients varied among cells, and were dependent on the cate that the spine shrinks momentarily during the cal-
cium transient, in a manner that is unique to the spine,age of the culture. In most cases, the same calcium
transient could be recorded simultaneously in the parent and not shared by the dendrite, and that it returns to its
original shape at the end of the calcium event.dendrite and in the spine, with occasional exceptions,
where such events could be recorded only in one com- The change in Cn fluorescence could reflect random
fluctuations of fluorescence typical of a vibrating edgepartment. In both spines and dendrites, the calcium
transient had about the same fast rise-time (less than or an unstable light source. To examine the possibility
that the detected changes in spine shape are not a100 ms to peak) and duration (see later).
Images of spine/dendrite morphology were taken in random event, and are in fact temporally correlated with
changes in [Ca2]i, all the points of observations werecells stained with the calcium-insensitive dye, calcein
(Cn), before, during and after calcium transients. In 38 averaged, and a line comprising two standard deviations
from the mean was drawn (Figure 1C2 and Figure 2E).spine/dendrite segments, a total of 141 events were
analyzed in control conditions. Cn fluorescence in the In about 80% of the cases analyzed, the negative peak
of Cn fluorescence was significantly below the two stan-center of the dendritic spine where calcium changes
measured with calcium orange (CO) were maximal did dard deviation line. On average, during a calcium tran-
sient, the CO signal in the spine, dendrite or edge of thenot change during the calcium event. On the other hand,
Cn fluorescence recorded at the distal edge of the spine spine went up above baseline by 27.5% 4%, 21.6%
2% and 21.5%  3%, respectively (n  38 spines)expressed a transient reduction, as seen before. In the
same ROI, there was a simultaneous rise in CO signal, (Figure 2F). In the same sample of spines, Cn fluores-
cence in the spine head did not change (0.2%), butindicating that this ROI does sample the spine edge and
not just a region outside the spine (Figures 2C and 2E). Cn fluorescence in the spine edge went down signifi-
cantly (p 0.001) by 15.4% 1%. No similar deviationsThe reduction in Cn fluorescence was, in general, spe-
cific to the leading edge of the spine head. When the were seen at random, i.e., not correlated with the cal-
cium event, and there were no significant deflections inproximal edge of the spine head, closest to the parent
dendrite, was analyzed, it demonstrated a slight in- the positive direction (Figures 2D and 2E). Moreover,
Figure 2. A [Ca2]i Transient Is Followed by a Twitch of the Spine Head
(A) Imaging of calcein (Cn), top, and calcium orange (CO), bottom, before, left, during, middle and after, right, a rise of [Ca2]i The two lines
in the Cn images aid in the detection of the spine twitch, seen in the middle image, where the spine head is a little shorter (closer to the
bottom line, and further from the top line). Bottom, same spine, raw images for a change in [Ca2]i. A rise in CO fluorescence is seen in the
middle three traces.
(B) Same spine (rotated 90), counterstained with FM4-64 (red), which labels a presynaptic terminal on the analyzed spine head.
(C) Same spine, with ROI marked with different colors, in the center of the spine, as well as the distal end (red), the proximal end (blue), and
the neck of the spine (green).
(D) Tracing of the raw intensity of fluorescence in each of the ROI’s over time, with images taken at five frames per second. In two regions,
the traces shown are of the calcium signals (CO), and in the other three regions the images are of calcein (Cn), and indicate that when calcium
levels are increased, the spine contracts. Calibration bar in (C), 1 m.
(E) Time course of change in CO (red) and Cn (green) fluorescence recorded before, during, and after a calcium transient. The ROI’s are at
the distal edge of the spine shown in (C). The lines above and below the green Cn trace are two standard deviations from the mean fluorescence.
Only the peak response seen during the [Ca2]i surge is significantly below the line. No other point crosses the lines.
(F) Summary data of the entire sample of spines expressed as a change in fluorescence from baseline condition. On average, the calcium
signal (red), in the center of the spine, the edge of the spine, as well as at the parent dendrite, rose by about 30% during the calcium event.
By comparison, the Cn signal (green) was reduced at the edge of the spine by about 20%, while it did not change inside the spine (#4). The
schematic drawing on the right illustrates the ROIs sampled.
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Figure 3. Adjacent Dendritic Spines Do Not Necessarily Share a Calcium Surge or an Associated Twitch
(A) Successive images taken at a rate of 1 Hz. Top, calcein (Cn) and bottom, calcium orange (CO), before, during, and after a calcium surge.
The lines drawn in the top image series aid in detection of small changes in the length of the two spines, the long, top, and the short bottom.
(B) Tracing of fluorescence changes in the different compartments, for both channels; red is for the CO images, and green is for the Cn
images. Obviously, the small spine (regions 3,4) did not change either in morphology or in calcium surges. Calibration 1 m.
(C) Same spines counterstained with FM4-64 to illustrate that presynaptic terminals touch the long and the short spines.
when two adjacent spines were imaged simultaneously analysis of spine contractions were routinely conducted
with spines that were touched by an FM4-64 labeled(in 39 dendrites), and in cases where the calcium tran-
sient was seen in only one of them (e.g., Figure 3, eleven terminal.
An attempt was then made to vary the calcium tran-cases), the twitch was unique to this spine only.
The spine twitches may constitute a short section of sient and study changes in twitch parameters. The po-
tassium channel blocker tetraethylammonium (TEA, atlarger and slower movements typical of spines de-
scribed elsewhere (Fischer et al., 1998). We imaged 10 mM) caused a significant increase in amplitude of
calcium transients (from 14.7%  1.5% to 21%  3%spontaneous motility in an independent sample of 198
spines. Following an imaging session of 1–2 min, we change in fluorescence, p  0.037) and was used in 33
spine/dendrite segments (42 recordings). On average,labeled active presynaptic terminals with the FM4-64
dye (e.g., Figure 2B and Figure 3C). A highly significant the twitch duration increased in the presence of TEA
from an average of 1.6  0.21 s, to 4.6  0.44 s (p correlation between spine motility and lack of active
presynaptic terminal was noticed; the presence of FM4- 0.001), in parallel with the increased calcium transients
(Figure 5). Another means for causing an increase in the64 labeled presynaptic terminals nearly eliminated motil-
ity of the recorded spine (Figure 4, p  0.001). Further duration of the calcium transient is by exposing the
Action Potentials Cause Contraction of Spines
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Figure 4. Presence of an Active, FM4-64-Labeled Presynaptic Ter-
minal Limits the Movement of Dendritic Spines
(A) Percent of moving spines having or not having FM-labeled termi-
nal (n  100 for FM-negative and 98 for FM-positive terminals).
(B) The extent of the movement, in m/sec, demonstrating that the
FM-labeled terminals move much less than FM-negative spines.
The difference in magnitude of movement was highly significant.
(See text.)
culture to the GABA-A receptor antagonist bicuculline
(at 20M). This treatment caused blockade of the inhibi-
tory tone in the culture, resulting in synchronization of
action potential discharges and a subsequent prolonga-
tion of the calcium transient (data not shown), and a
parallel increase in the duration of the contraction to
4.0  0.7 s (n  19 spines, p  0.025, Figure 5). No
apparent change in the magnitude of the contraction
was noticed with the two treatments.
The effects of the actin polymerization antagonist la-
trunculin-B (Allison et al., 1998) were tested for an effect
on spontaneous motility and on calcium transients-
associated spine twitches. In four different experiments
conducted with GFP-containing neurons, latrunculin-B
Figure 6. Latrunculin B Causes a Rapid Arrest of Spine Motility
(2–5 M) caused a rapid (within 2–3 min) arrest of spine
(A) A field of dendrites and spines shown twice, 80 s apart. Right;
motility, without changing spine shape (Figures 6A and subtraction image, where black and white represent disparity be-
6B). Only 30 min after exposure to latrunculin, and in tween the two images. The number and density of black/white parti-
association with a reduction in phalloidin staining, could cles were quantified using NIH-Image software to estimate the mag-
nitude of spine movement. Scale, 2 m.an effect on spine shape be seen (Figure 6C). This indi-
(B1 and B2) High-power images of a motile spine before (1) andcates that the drug affected the amount of cellular
after (2) application of latrunculin. Time, in minutes, is depicted onF-actin only at the later stage, as reported earlier (Allison
top right corner of each frame.
et al., 1998). This also implies that spine motility is (B3) Magnitude of spine motion in a population of spines, analyzed
caused by ongoing actin polymerization and not by for disparity among images and summarized as the number of dis-
persed pixels in thresholded particles ( spines), before and after
application of latrunculin. The drug caused an almost immediate
arrest of motility.
(C) Phalloidin staining in control, left, and after 30 min of exposure
to latrunculin. Scale bar 40 m.
(D) Dendritic spines imaged before, left, 5 min, and 20 min after
exposure to latrunculin. The drug caused a persistent change in
spine morphology involving loss of the spine heads. Scale, 2 m.
the longer term, subsequent reduction in polymerized
F-actin affected by the drug.
The effects of latrunculin-B on spine twitch were mea-
sured in 11 spine/dendrite segments of cells loaded
with the CO/Cn double-stain protocol. Initially, the spine
expressed the typical twitch associated with a calcium
Figure 5. The Spine Twitch and the Duration of the Calcium Tran- transient, as seen before. Within 1–3 min of perfusion
sient Co-Vary Following Treatment with TEA or with Bicuculline
with latrunculin, and using the same ROIs throughout,
The controls of the two groups were merged. Both treatments in- there was already a marked decrease in the twitch mag-
creased significantly the duration of the calcium transient (CO fluo-
nitude, with little change in the frequency or magnituderescence), as well as the spine twitch (Cn fluorescence). The effects
of the spontaneous calcium events (Figure 7B2). Withinof the drugs on both CO and Cn fluorescence were highly significant.
(See text for details.) 4 min of the drug application, the twitches were totally
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Figure 7. Latrunculin-B Blocks Spine Twitching Associated with a Calcium Surge
(A) In control condition, left, a calcium rise in the dendrite (CO fluorescence, blue) and the spine (red) is associated with a reduction in Cn
fluorescence at the spine edge (green). Following 3 min exposure to latrunculin-B, right, the calcium spikes are nearly the same, while the
twitch at the spine edge disappeared.
(B) Summary diagrams of the changes in fluorescence in the different compartments in 11 spines/dendrite segments, (1) before, (2) at 3 min
after, and (3) at 10–30 min after onset of exposure to latrunculin-B. Right, schematic diagram of the regions of interest depicted in the
summaries on the left. Red, CO fluorescence, Green, Cn fluorescence.
blocked (n  11, p  0.01), with no parallel change in out of focus, due to a mechanical change in the plane of
the parameters of the calcium transients in the dendritic focus, an experimenter’s bias, as well as an unexplained
spines (Figure 7B3). interaction between the two dyes used for the imaging
protocol. Our experiments ruled out these possible arti-
facts. For one, the fact that in the presence of latrunculinDiscussion
the calcium transients were maintained but the spine
did not twitch indicates that there is no interactionThe present results demonstrate that dendritic spines
between the two dyes. Likewise, the spines did notare capable of producing a fast contraction in relation
twitch in presence of cobalt ions, indicating their depen-to a transient increase in free intraspine calcium concen-
dence on an influx of calcium. Also, the objective mea-tration. This twitch is transient, lasting several hundreds
surement of spine edge is sensitive to small movements,of milliseconds, up to 2 s in duration, when the spine
but not to observer’s bias, because the whole series ofreturns to its original size. A systematic assessment of
images are analyzed simultaneously and automatically.this change was made using a region of interest com-
The observed twitch is not caused by dye bleaching orprising the edge of the spine (e.g., Figures 1 and 2). At
by a unique interaction between two dyes, as it wassuch an edge, even minor changes in the size of a spine
observed also with one dye only. In that context, thehead could be detected, because subthreshold move-
increase in CO signal in the same ROI showing a de-ments are summed over the length of the head to pro-
crease in Cn signal may result from a local change induce a significant change. The speed at which the
[Ca2]i, or partly from a spread of fluorescence from thechange is made indicates that it may cause an increase
adjacent center of the spine, but even so, it does notin intraspine pressure, which will affect NMDA receptor
affect Cn fluorescence, which does not change in thefunctions (Paoletti and Ascher, 1994, see later).
center of the spine, and is reduced only at the edge.Several possible artifacts can contribute to this appar-
Also, the apparent reduction in Cn fluorescence, inter-ent twitch of the spine head, including a momentary
bleaching of the calcein dye, a movement of the spine preted to represent a spine twitch, was seen with GFP-
Action Potentials Cause Contraction of Spines
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filled cells. The latter group is unique in that GFP fluores- CNS neurons has been documented (Paoletti and
cence is high, requiring lower laser light, and it describes Ascher, 1994), and this mechanomodulation may be ac-
details of the cell in a steady state, i.e., unlike the case tivated in the spine to modify reactivity to afferent stimu-
of a dye-filled cell. Another strong evidence against a lation. The fast twitching will result in an increase in
possible artifact is the directionality of the movement, intraspine pressure, which will act to reduce reactivity
seen with the distal but not proximal end of the spine of the NMDA receptor. Consequently, the calcium re-
head. If anything, the proximal end of the spine showed sponse to afferent stimulation will be reduced following
an increase in fluorescence during the twitch, indicating a backpropagating action potential as seen before
that the twitch may be in the proximal direction. (Yuste et al., 1999). The twitch may thus be a unique
Actin filaments have been associated with several modulator of a spine synapse relative to a shaft synapse.
types of spine movements including a slow, growth- Indeed, upon blockade of actin polymerization with la-
related movement, which is typical of the young spine/ trunculin, the immediate response of the spine involves
filopodium, before it makes a functional synapse with an arrest of the twitch. Only 15–30 min later, when
an afferent terminal. This movement is regulated by vari- F-actin begins to deteriorate significantly for lack of on-
ations in calcium concentration, afferent activity and going polymerization, and the staining with phalloidin is
probably a host of factors related to growth and synapse markedly reduced, the spine changes shape (Allison et
formation. One type of this movement is the one pro- al., 1998), the response to glutamate is reduced, EPSPs
duced in response to intense afferent activation, or a disappear (Zhou et al., 2001), and the ability to express
rise of intracellular calcium concentration, which may long-term potentiation is impaired (Kim and Lisman,
cause elongation/retraction of spines/filopodia, as well 1999). Thus, the dendritic spine appears to be a plastic
as formation of novel ones within 1–2 hr of exposure structure, whose responses to afferent stimulation are
to the triggering stimulus (Korkotian and Segal, 1999a, governed by its morphology and recent history (Segal
1999b; Maletic-Savatic et al., 1999). Another type of et al., 2000) in a dynamic fashion.
movement involves local fluctuations in spine shape, at
the sub-minute time scale (Fischer et al., 1998, 2000). Experimental Procedures
The currently described twitching, which is dependent
Tissue Cultureon fast variations in intracellular calcium concentrations,
Prenatal E19 rat hippocampal neurons were dissociated and platedis independent of age of the cultured neurons and is
on polylysine-coated glass coverslips as described elsewhere (Papafound in innervated dendritic spines, labeled with FM4-
et al., 1995). Postnatal P1 mouse hippocampal neurons taken from
64 dye. EGFP expressing mice (strain B5/BGFP, Hadjantonakis et al., 1998,
In that context, it is interesting to note that we found a gift from J. Pickel, NINDS, NIH) were plated in some experiments
spontaneous calcium-independent fluctuations in shape on existing prenatal rat hippocampal cultures, with a 1:50 ratio of
fluorescent to nonfluorescent cells. Dissection of the P1 cells wasof the spine primarily in spines that are not associated
as described elsewhere (Goldin et al., 2000). Two to four-week-oldwith FM4-64-labeled presynaptic terminals (Korkotian
cultures were used for the experiments.and Segal, 2001). On the other hand, Fischer et al., 1998
find that motile spines are associated with presynaptic
Recording from GFP-Filled Neuronsmarkers, indicating that they are innervated. It is as-
A coverslip was transferred from the 24-well plate into the recordingsumed that only a subset of synaptophysin-labeled ter-
chamber, where it was perfused with recording medium containing
minals are functional, in that they release transmitters (in mM) NaCl, 129, KCl 4, MgCl2 1, CaCl2 2 glucose 4.2, and HEPES
and take up the FM4-64 dye. Once the terminal is active, 10, pH was adjusted to 7.4 with NaOH, and osmolarity to 320 mOsm
motility slows down, as seen by Fischer et al., 2000, with sucrose. The recording chamber was placed on the stage of
an upright confocal laser scanning microscope (PASCAL, Zeiss,who found that activation of glutamate receptors arrests
Germany) and patch-clamped with a 1.5 mm OD micropipette linkedspine motility. Indeed, we have data to support this
to an Axoclamp 2B amplifier (Axon Instruments, CA). The patchproposal (Korkotian and Segal, 2001).
pipette contained (in mM) K-gluconate 140, NaCl 2, HEPES 10, EGTAThese three types of movement share a dependence
0.2, Na-GTP 0.3, Mg-ATP 2, phosphocreatine 10 (pH 7.4) having a
on functional actin filaments in the spine, but their roles resistance in the range of 6–12 MOhm. The GFP-containing cell was
may be entirely different. The slow movement is likely visualized with a Zeiss 63, 0.9 NA Achroplan water immersion
to be geared to find and establish connection with a objective. Stable recording was obtained before 8 zooming onto
a secondary dendrite, which contained mature-like dendritic spines.presynaptic terminal. This movement is eliminated in
Laser light was reduced to 0.1%–0.5% of nominal values, and pin-a mature spine, except when the presynaptic terminal
hole size was adjusted to allow a 2–3 m depth of field. Depolarizingceases to function, as in the case of blocked action
currents were then applied, and a small frame of the dendrite andpotential discharges with TTX, where spines begin to one or more spines were taken at high rates (about 40–60 ms per
form new filopodia, which may extend out of an existing frame) before, during, and after the depolarizing pulse. Under these
spine (e.g., Collin et al., 1997). The fast vibrations around recording conditions, transient calcium events could be imaged in
the axis of the spine, that are independent of calcium dendrites and spines of GFP-negative cells using Oregon Green-1
or in GFP-positive cells using Calcium Crimson (data not shown).variations or spontaneous activity, may be relevant to
Glutamate (1 mM) or N-methyl D-aspartate (NMDA, 1 mM) was ap-long-term functions within the spine, including insertion
plied through a patch pipette adjacent to the imaged spines, withand deletion of receptors from the spine head (Zhou et
5–10 ms pressure pulses.
al., 2001). The twitching seen here, which is smaller and
faster than the other types of movement, may constitute
Double Dye Imaging
a subset of the motility seen elsewhere (Fischer et al., In the second series of experiments, the cultured neurons were
1998) and be related to the direct functioning of the visualized on an inverted, confocal laser scanning microscope
synaptic receptors in the spine head. The presence of (CLSM, Zeiss 510, Germany). Individual pyramidal neurons were
impaled with a micropipette containing a mixture of calcein (Cn, 10mechanosensitive modulators of the NMDA receptor in
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mM stock solution) and calcium orange (CO, 2 mM stock solution) Fifkova, E. (1985). Actin in the nervous system. Brain Res. Rev. 9,
187–215.which was injected into the cell for 1 min. Alternatively, cells with
filled with a single calcium-sensitive dye, Oregon Green-1 (5 mM Fischer, M., Kaech, S., Knutti, D., and Matus, A. (1998). Rapid actin-
stock solution). The pipette was withdrawn and the dyes allowed based plasticity in dendritic spines. Neuron 20, 847–854.
to equilibrate in the cell for 30 min. Dendritic spines were visualized Fischer, M., Kaech, S., Wagner, U., Brinkhaus H., and Matus, A.
with a high-power (Zeiss Plan-apochromate 100, 1.4 NA) objective (2000). Glutamate receptors regulate actin-based plasticity in den-
and maximal zoom (8, yielding pixel size of 20 nm), and a subsec- dritic spines. Nat. Neurosci. 3, 887–894.
tion of the image, containing the region of interest of about 5  5
Friedman, H.V., Bresler, T., Garner, C.C., and Ziv, N.E. (2000). Assem-m was visualized at a rate of 100–300 ms/frame. At the end of the
bly of new individual excitatory synapses: time course and temporalexperiment, the culture was exposed for 45 s to a medium containing
order of synaptic molecule recruitment. Neuron 27, 57–69.90 mM K (replacing an equimolar amount of Na) and 10 M FM4-
Goldin, M., Segal, M., and Avignone, E. (2001). Functional plasticity64 (Ziv and Smith, 1996) and washed thereafter for 15 min with the
triggers formation and pruning of dendritic spines in cultured hippo-standard recording medium, which did not contain calcium, so as
campal networks. J. Neurosci. 21, 186–193.to prevent the dye from being released spontaneously. That FM4-
64 was indeed trapped in the presynaptic terminal, as indicated by Hadjantonakis, A.K., Gertsenstein, M., Ikawa, M., Okabe, M., and
the fact that upon replacement of calcium into the normal medium, Nagy, A. (1998). Generating green fluorescent mice by germline
the label disappeared from the terminals within minutes. The two transmission of green fluorescent ES cells. Mech. Dev. 76, 79–90.
dyes, which labeled the spine, Cn and CO, were excited with Halpain, S., Hipolito, A., and Saffer, L. (1998). Regulation of F-actin
two different wavelengths, 488 and 543 nm, respectively, having two stability in dendritic spines by glutamate receptors and calcineurin.
respective emission wavelengths, about 520 and 580nm. Separate J. Neurosci. 18, 9835–9844.
tracks were used to image the two dyes, so as to avoid bleeding
Kim, C.H., and Lisman, J.E. (1999). A role of actin filament in synapticof fluorescence from one channel to the other. The two lasers, Argon
transmission and long-term potentiation. J. Neurosci. 19, 4314–and Helium/Neon, respectively, were set at a low, 0.1%–0.2% of
4324.the nominal, intensity (25 mW and 5 mW, respectively), so as to
Korkotian, E., and Segal, M. (1999a). Release of calcium from storesavoid photodynamic damage to the cell. Indeed, the same dendrite
alters the morphology of Dendritic spines in cultured hippocampalcould be visualized repeatedly over many minutes without an appar-
neurons. Proc. Nat. Acad. Sci. USA 96, 12068–12072.ent change in basal fluorescence or an apparent morphological
damage (see Korkotian and Segal, 1999a). Korkotian, E., and Segal, M. (1999b). Bidirectional regulation of den-
dritic spine dimensions by glutamate receptors. Neuroreport 10,Neuronal F-actin was labeled with Alexa-543-conjugated phalloi-
din following fixation of the cells in 4% paraformaldehyde and their 2875–2877.
permeabilization with Triton (Allison et al., 1998). Korkotian, E., and Segal, M. (2001). Regulation of dendritic spine
For analysis, ROIs were drawn inside the spine, as well as at the motility in cultured hippocampal neurons. J. Neurosci., in press.
border of the spine. The ROI at the spine border was drawn so as Maletic-Savatic, M, Malinow, R, and Svoboda, K. (1999). Rapid den-
to include a narrow zone of equal distances from the spine edge in dritic morphogenesis in CA1 hippocampal dendrites induced by
both directions. The changes in fluorescence occurring during and synaptic activity. Science 283, 1923–1927.
after a spontaneous discharge of a calcium transient were mea-
Paoletti, P., and Ascher, P. (1994). Mechanosensitivity of NMDAsured.
receptors in cultured mouse central neurons. Neuron 13, 645–655.Slow motility was also measured in a subset of cells injected with
Papa, M., Bundman, M.C., Greenberger, V., and Segal, M. (1995).only one dye, either Oregon green-1 or calcein. This was done by
Morphological analysis of the development of dendritic spines intaking 200–600 images over 1–3 min, followed by FM4-64 labeling of
primary cultures of hippocampal neurons. J. Neurosci. 15, 1–11.presynaptic terminals. The analysis of spine motility in this subgroup
was made by defining the maximum change in spine length or shape Segal, M. (1995a). Fast imaging of [Ca]i reveals presence of voltage
over the observation period, and quantifying these changes using gated calcium channels in dendritic spines of cultured hippocampal
NIH Image software. Image reconstruction software is based on neurons. J. Neurophysiol. 74, 484–488.
algorithms adapted and modified from Van der Voort, et al., 1989. Segal, M. (1995b). Morphological alternations in dendritic spines of
Statistical comparisons were made with Student’s t tests, when rat hippocampal neurons exposed to NMDA. Neurosci. Lett. 193,
applicable. Data are presented as mean  SEM in all cases. 73–75.
All dyes were from Molecular Probes, Inc. (Portland, OR). Other
Segal, M.E., Korkotian, E.,and Murphy D.D. (2000). Dendritic spinedrugs were from Sigma. Latrunculin B was a gift from Dr. A. Bershad-
induction and pruning- common cellular mechanisms? Trends insky, The Weizmann Institute.
Neurosci. 23, 53–57,
Stelzer, E.H.K. (2000). Practical limits to resolution in fluorescence
Acknowledgments light microscopy. In Imaging Neurons, R. Yuste, F. Lanni and A.
Konnerth, eds. (New York: CSH Laboratory Press) pp. 12.1–12.9.
We wish to thank V. Greenberger for the preparation of the cultures,
Van der Voort, H.T.M, Brakenhoff, G.J., Baarslag, M.W. (1989). ThreeDr. A. Bershadsky for the gift of Latrunculin, and N. Kalisman for
dimensional visualization methods for confocal microscopy. J. Mi-software development. Supported by grant #97-0230 from the US-
crosc. 153, 123–132.Israel Binational Science Foundation, and by grant #1/76/691 from
Yuste, R., and Denk, W. (1995). Dendritic spines as basic functionalthe Volkswagen Stiftung, Germany.
units of neuronal integration. Nature. 375, 682–684.
Yuste, R., Majewska, A., Cash, S.S., and Denk, W. (1999). Mecha-Received November 17, 2000; revised April 12, 2001.
nisms of calcium influx into hippocampal spines: heterogeneity
among spines, coincidence detection by NMDA receptors and opti-
References cal quantal analysis. J. Neurosci. 19, 1976–1987.
Ziv, N.E., and Smith, S.J. (1996). Evidence for a role of dendriticAllison, D.W., Gelfand, V.I., Spector, I., and Craig, A.M. (1998). Role of
filopodia in synaptogenesis and spine formation. Neuron 17, 91–102.actin in anchoring postsynaptic receptors in cultured hippocampal
Zhou, Q., Xiao, M.Y., and Nicoll, R.A. (2001). Contribution of cytoskel-neurons. Differential attachment of NMDA versus AMPA receptors
eton to the internalization of AMPA receptors. Proc. Nat. Acad. Sci.J. Neurosci. 18, 2423–2436.
USA 98, 1261–1266.
Collin, C., Miyaguchi, K., and Segal, M. (1997). Dendritic spines in
cultured hippocampal slices: correlating structure and function. J.
Neurophysiol. 77, 1614–1623.
Crick, F. (1982). Do dendritic spines twitch? Trends in Neurosci. 5,
44–46.
